INTRODUCTION
Variations in the mass of continental and sea-ice fields have implications for the rate of sea-level change, and the Earth's radiation budget and ocean thermohaline circulation, respectively. Until recently, the fluctuation in turnover of continental-ice mass was only known to an accuracy of around 20 %, and fluctuations in sea-ice mass to within perhaps a factor of two. Over the past decade, data acquired by satellite radar altimeters have contributed significantly to reducing the uncertainty in the knowledge of the mass imbalance of the interior of the large ice sheets (Zwally et al., 1990; Wingham et al., 1998; Zwally and Brenner, 2001 ). However, the magnitude of fluctuations of some 30 % of the continental ice mass, principally around the coastal areas of Antarctica (Wingham et al., 1998) and Greenland (Thomas et al., 2001 ; Thomas and PARCA investigators, 2001) , remains uncertain. In addition, the variability in the mass of the Earth's sea ice cover remains poorly quantified, leaving speculation about the effects of climate variability and potential feedbacks through the atmosphere and ocean (Laxon et al., 2003) . Firstly, a description is given of CryoSat's key features and Paper 39A236 Presented at the Seventh International Symposium on Antarctic Glaciology (ISAG7), Milan, Italy, August 2003; and accepted for publication in Annals of Glaciology, vol. 39. 3 instrument operating modes, together with recent examples from Arctic airborne simulator campaigns that are illustrative of the general characteristics of the new altimeter modes. Secondly, we introduce plans for post-launch mission calibration and validation activities. Finally, we summarise the current mission status and future development prospects.
CRYOSAT BACKGROUND
CryoSat is the first of the Earth Explorer Opportunity satellite missions to be approved and selected as part of ESA's Living Planet Programme (see: www.esa.int/livingplanet/cryosat).
CryoSat originated as a science-driven mission concept submitted to ESA in 1999, for which the proposal was written by a team of 20 scientific investigators (Wingham et al., 1999) .
The CryoSat mission is designed to determine interannual fluctuations and trends in the mass of the Earth's major land and sea ice fields, and to address the scientific issues described in the previous section. The natural variability in sea and land ice elevation observed by an altimeter is determined by changes in mass flux from the atmosphere and ocean, as well as changes in snow and ice density. Thus, in order to determine trends, CryoSat must repeatedly sample ice elevation over the polar regions throughout its nominal 3 year lifetime. Mean rates of change will be determined at specific areal scales (see below), Paper 39A236 Presented at the Seventh International Symposium on Antarctic Glaciology (ISAG7), Milan, Italy, August 2003; and accepted for publication in Annals of Glaciology, vol. 39. 4 at which averaging allows reduction in uncorrelated error sources.
It is recognised that a residual uncertainty r will remain in elevation trends (and thus mass and thickness trend estimates) at the end of the mission, simply as a consequence of the finite period of the satellite measurements. Thus, the CryoSat system was designed from the principal requirement that the measurement uncertainty, m at the end of mission adds no more than 10 % upon the limit of uncertainty imposed by natural variability n (Table 1) :
where
Substitution of (2) To address these measurement challenges CryoSat requires precise instruments that are designed to accurately survey the surface topography of the ice sheets and, for the first time, the surface of the sea ice. The CryoSat instrument design that was selected to address the above measurement requirement combines high spatial resolution radar altimeter measurements (Phalippou, 1998; Zelli, 1998 , Raney, 1998 . Microwave radar altimeters (e.g. on ERS-2, Envisat, TOPEX/Poseidon, GFO and Jason) have become an important tool, used routinely in oceanography to estimate sea-surface heights with an accuracy of 2-3 cm (Fu and Cazenave, 2001 ). However, accurate altimeter operation over polar snow and ice surfaces which have rapidly varying elevation, such as steeply sloping terrain, requires a more specialised design than existing radar altimeters. Thus, CryoSat has new, unique instrument attributes in comparison with previous radar altimeters: these are described in the following section.
MISSION PROFILE
CryoSat (Figure 1 ) is designed for 3 years of nominal mission operations, preceded by a several-month commissioning phase.
During the commissioning phase the instrument will be calibrated and initial data product validation activities will take place. This section provides a brief mission overview: further details are available in the CryoSat Mission and Data Description document (ESA, 2001c sheet. Thus, CryoSat will be placed in an unusually highinclination orbit which reaches 88º latitude. This will all but eradicate the remaining gap in altimeter coverage at both poles.
The CryoSat satellite bus which will carry the instrument payload has dimensions of approximately 4.5 m long by 2.3 m wide by 2.2 m high ( Figure 1 ). The platform has a simple rigid structure with no moving parts, and the total wet mass is approximately 720 kg (including 36 kg propellant and the instrument payload described in the following section).
Electrical power will be generated by solar arrays and stored on board by a Lithium-ion battery. Spacecraft attitude will be controlled using a combination of magnetorquers and cold-gas micro-thrusters, while precise attitude information will principally be provided by three star tracker heads and a magnetometer ( Figure 1 ).
Instrument data (described in the following section) will be stored on board the satellite in a solid-state recorder scaled to handle 320 Gbits/day generated by the satellite payload. These data will be downlinked via a single ground station in Kiruna (in northern Sweden) each time the satellite passes within Conventional pulse-limited radar altimeters transmit radar pulses separated at intervals of time such that the received echoes are uncorrelated: subsequent averaging allows reduction of fading noise. At the typical satellite orbital velocity of 7 km/s the interval between pulses is about 500 s. The distinguishing feature of SIRAL compared to previous altimeter instruments is Paper 39A236 Presented at the Seventh International Symposium on Antarctic Glaciology (ISAG7), Milan, Italy, August 2003; and accepted for publication in Annals of Glaciology, vol. 39. 9 that it sends bursts of pulses separated by intervals of only 50 s.
Though the return echoes are correlated, the bursts are instead treated using 'aperture synthesis' data processing techniques.
The SIRAL modes are briefly described below:
SAR Mode
The key to CryoSat's ability to measure the freeboard and to retrieve the thickness of sea ice ( Figure 2a ) is its greatly improved spatial resolution in the along-track direction (compared with ERS-2). The benefit of higher resolution is the improved distinction that can be made between high backscatter ocean surfaces in narrow leads and the intervening low backscatter sea-ice floe surfaces (Laxon et al., 2003) , such that their elevation difference or freeboard can be measured.
Resolution improvement is achieved in this mode using data processing techniques adapted from Synthetic Aperture Radar (SAR) (Raney, 1998) , and is thus named the SAR mode.
The footprint illuminated by the altimeter pulse on the ground has parts fore and aft of the sub-satellite nadir point.
Since the satellite is moving, slight frequency shifts in the returning radar energy are caused by the Doppler effect. By processing correlated bursts of 64 sequential radar pulses together, the frequency shift information is used to divide the footprint into narrow across-track strips (i.e. Doppler beams).
Each strip is about 250 m wide in the along-track direction, and 
SARIn Mode
Conventional pulse-limited altimeters measure range accurately to the closest point on the surface, but are unable to provide information on the precise origin of the echo. Over flat ocean or sea ice surfaces this point is known to be directly below the satellite. However, over complex terrain, found around the sloping margins of the ice sheet, there is no way to ascribe a position or elevation to a given range measurement. This problem makes it impossible to use conventional altimeter data to measure topographic changes around the ice-sheet margins, thereby excluding some of the most dynamic areas such as the ice streams in the west Antarctic ice-sheet.
The SAR interferometry (SARIn) mode is intended to provide improved elevation estimates over variable topography, and is designed specifically to overcome the problem encountered with conventional altimeters. Importantly, the term SARIn was chosen so as not to confuse this "non-imaging" altimeter mode 
Low Resolution Mode
Over the relatively flat interior ice sheets, the altimeter will operate in a conventional pulse-limited mode known as Low Resolution Mode (LRM).
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Star Trackers
In addition to the altimeter, knowledge of the precise orientation of the baseline of the two receiving antennas is essential to achieve the required measurement accuracy. CryoSat measures the baseline (and thus platform) orientation using three star trackers mounted directly on the SIRAL antenna support structure (see Figure 1 ).
DORIS Satellite Positioning
In order that the altimeter can make accurate absolute range measurements, the orbital position of the satellite must be This allows tracking by the existing ground network of laser tracking stations.
SIRAL CALIBRATION AND VALIDATION
For SIRAL altimetric measurement data to be scientifically useful they must be both calibrated and validated (commonly referred to as 'cal/val'). In the initial CryoSat proposal, a relatively simple approach was used to derive a first guess for the vertical accuracy of averages of single-shot measurements,
with assumptions made about average rates of mass change per unit area (Wingham et al., 1999) . Recently, these values were revised on the basis of the current mission design, and expressed as guiding mission requirements. The purpose of the CryoSat cal/val is therefore to verify the measurement uncertainty m (in Table 1 GHz) radar altimeter (Raney, 1998) . This finding is consistent with previous measurements made by Lytle and Jezek (1994) .
Occurrences of waveforms capturing distinctive systems of buried layers are currently only found in short flight segments traversing the percolation zone, and in instances where a previous summer melt surface is buried beneath a thick layer of cold, dry snow. In these circumstances, the layer depth must be sufficiently large for the surface and sub-surface layer echoes to Waveforms indicate a larger range of surface roughness induced variability than was evident in the ice-sheet example. In Figure   5b , intense narrow-peaked waveforms originate from specularly reflecting lead surfaces. Such waveforms punctuate more widespread and relatively broader peak waveforms following the patterns observed in previous altimetric results obtained over
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Over floe surfaces, it is difficult to distinguish individual reflections in the radar waveforms corresponding to reflections from the air/snow and snow/sea-ice interfaces, respectively, due to the vertical resolution limitations of the radar system.
Nevertheless, a mean offset between the radar and ATM first returns of the order of a few tens of centimetres confirms that the radar waves penetrate through dry snow to the saline ice surface beneath in the manner reported by Laxon et al. (2003) .
These preliminary results indicate that radar and laser collocated measurements contribute valuable insight into the effect of a snow cover upon the CryoSat ice thickness retrieval accuracy.
In-Flight Calibration
The CryoSat satellite system has a number of ancilliary measurement modes that will provide both independent internal characterisation of the system errors (delays) and their changes throughout the mission lifetime. Many biases such as the offset between the nominal and true star-tracker axis will have been predetermined from measurements made prior to launch.
However, the internal calibration modes will complement these with a series of regular measurements performed on an orbit-byorbit basis under ground command. These will be conducted * For sea-ice data, a typical areal extent of 10 5 km 2 is considered to be the smallest scale at which trends may become visible: monthly averages will be produced at this scale from data acquired in SAR mode. † Large-scale interior ice-sheet trends will be determined at a continental scale of 14 10 6 km 2 . The scientific requirement of 0.76 cm yr -1 is equivalent to an ice mass flux of 92 Gt yr -1 . The required accuracy can be met at latitudes greater than 68º for a sampling period of only 1 year (due to greater sampling density). ‡ Regional trends will be determined near the ice sheet margins at a scale of 10 4 km 2 using data acquired in SARIn mode. The required accuracy can be achieved at latitudes greater than 72º for a sampling period of 1 year (due to greater sampling density). example of D2P data collected on the flight, simulating the style of data to be acquired in the CryoSat SAR operating mode (after Raney and Leuschen, 2003) .
